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ABSTRACT 


Mixing and combusting high enthalpy flows, similar to those encountered in scramjet 
engines, were investigated using a shock tunnel to produce the flow in conjunction with non- 
intrusive optical diagnostics which monitored the performance of two injector configurations. The 
shock tunnel is configured to produce Mach 3 flow and stagnation enthalpies corresponding to flight 
equivalent Mach numbers between 7 and 11. A pulsed hydrogen injection capability and 
interchangeable injector blocks provide a means of examining high speed, high enthalpy reacting 
flows. Planar Laser Induced Fluorescence (PLIF) of OH molecules in the near injector region 
produced images which show the combusting and mixing zones for the reacting flow. Line-of-sight 
exit plane measurement of water concentration and temperature were used to provide a unique 
method of monitoring exit plane products. These results demonstrated that a velocity matched axial 
injection system produced a fuel jet that lifted off the floor of the duct. Mixing was observed to 
increase for this system as a velocity mismatch was introduced. Comparison of exit plane water 
concentrations for a wall jet injection system and a velocity matched injection system indicated 
similar mixing performance but an accurate pressure measurement is necessary to further validate 
the result. In addition, exit plane measurements indicated an approximate steady-state condition was 
achieved during the 1 to 2 ms test times. 


INTRODUCTION 


The development of supersonic combusting ram jet (SCRAMJET) engines requires testing 
using new, non-intrusive methods in high speed, high enthalpy flow facilities. A critical factor for 
effective thrust production in a scramjet is the efficient mixing of fuel with air and the subsequent 
chemical reactions which produce water. This paper describes an experimental effort which 
measured the concentration of water at the exit plane of a simulated scramjet in addition to using 
Planar Laser Induced Fluorescence (PLIF) of OH to visualize the mixing zone where hydrogen is 
injected into the Mach 3.0 flow. These results allow direct comparison of the degree of mixing near 
the hydrogen injector, as determined by the production of OH, with temperatures and concentration 
values for water 20 duct heights downstream of the injection station. 

Results in this paper are for the initial development of a non-intrusive diagnostic for line- 
integrated temperature and concentration measurements of water. The observed quantity is infrared 
emission from the i / 2 vibrational band centered at 6.27 ^m, coupled with OH PLIF measurements in 
the near injector zone of a high enthalpy reacting flow. The flows were produced using a shock 
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tunnel which generates Mach 3.0 flow with stagnation conditions ranging from 2500 to 3800 K. 
Two hydrogen injector configurations were employed: a dual hole sonic wall injection system, and 
a swept ramp injector which was specifically designed to be nearly velocity matched with the 
mainstream flow. In addition to the water and OH PLIF measurements, exit plane emission from 
OH and entrance plane emission from NO were monitored. In the following sections we describe 
the shock tunnel and its operating characteristics, the injection system and its operating parameters, 
the OH PLIF measurements and methodology, the development of the water temperature and 
concentration measurement, and, finally, results from an initial test series with the two different 
injection geometries. 


SHOCK TUNNEL DESCRIPTION 


A full description of the shock tunnel and its operation has been previously published. 1 
Briefly, the high speed, high enthalpy flows for these tests were produced using a shock tunnel 
which is capable of generating stagnation temperatures far greater than those available using a 
conventional furnace or vitiated combustion methods. The facility also includes a hydrogen injection 
capability which makes combustion tests possible for these flows. This system was carefully 
designed to provide on-demand injection and can be configured to test a variety of injector 
geometries. The shock tunnel is configured to operate at Mach 3.0 with a two dimensional half- 
nozzle expanding to a square cross section. The nozzle is followed by a rearward facing step in the 
floor of the tunnel. A replaceable injector block lies immediately downstream of the isolation step. 
Five orthogonal optical access stations are included along the shock tunnel so that both line-of-sight 
and PLIF imaging measurements can be made. The first optical port is immediately after the full 
expansion point for the nozzle and includes three windows. The first three windows are shown 
schematically in Figure 1 along with the interchangeable injector block. The region immediately 
after the rearward facing step includes two side windows that give full height optical access for a 14 
cm flow length, along with full laser access at the top of the tunnel. 

Figure 2 illustrates the shock tunnel and diagnostics as configured for this test series. Four 
distinct optical measurements were included. In addition to OH PLIF and water vapor emission 
measurements, a radiometer centered at 4.95 was included at the nozzle exit and a gated 
intensified camera filtered to monitor the OH chemiluminescent emission was included at the exit 
plane. The upstream radiometer was used to monitor the flow in the tunnel via emission from the 
NO fundamental vibrational band as described in a separate publication^. This measurement is 
critical in determining the test conditions for the shock tunnel since it provides a signal from the 
thermal emission from NO generated in the plenum. Measurable emission signals are only present 
when the flow in the tunnel is at the elevated temperatures produced by the reflected shock zone. 

This measurement is therefore much more specific in determining the tunnel test times than 
conventional pressure measurements. A critical performance parameter for impulse test facilities, 
such as a shock tunnel, is the time duration of the high enthalpy flow. Test times determined using 
the previously described radiometer were typically between 1 and 2 ms. 

The shock tunnel is used to produce the very high stagnation conditions associated with 
supersonic/hypersonic flight. Figure 3 illustrates the flight simulation capabilities for the shock 
tunnel compared with a flight corridor adopted by Billig . Clearly the shock tunnel is capable of 


404 



simulating flight speeds below 3 km/s in the lower pressure regions of the flight corridor. Also 
included in this figure is the testing region examined in this work. Flight equivalent Mach numbers 
ranged from 7 to 11. 


HYDROGEN INJECTION SYSTEM AND INJECTOR CONFIGURATIONS 


To produce reacting flows similar to those in a scramjet, hydrogen must be injected into the 
shock tunnel flow. The requirements for this are pulsed operation with a fast response time, near 
constant injection flow rates during the shock tunnel run time, and a reliable method of limiting the 
quantity of hydrogen injected into the system. We have addressed these requirements using a 1 gal, 
3000 psi rated bladder accumulator with a custom manufactured, explosive burst diaphragm and 
manifold system. A dual diaphragm system separates the nitrogen pressurized hydrogen from the 
delivery system for the injector block. Injection is possible on demand by simply igniting a 
hydrogen/oxygen mixture contained between the diaphragms with a spark plug. Testing of this 
system revealed that initiation times of 800 ns were routinely produced. The injection system can 
therefore be triggered using one of the pressure transducer signals from the shock tube. 

The overall stoichiometry for the combusting system can be easily described since the 
injectors in the combustion zone are configured to produce sonic flow at a known area. Using 
standard gasdynamic relationships, the product of injection pressure and injector exit hole area can 
be shown to be a function of system stoichiometry and reflected shock temperatures and pressures, 

Eq. (1). 


Pq,H 2 ^inj 



( 1 ) 


where 

P 0 * stagnation injection pressure 

Aj n j - injector sonic area 

<p - fuel equivalence ratio 

P^Tj - reflected shock plenum pressure and temperature 

Kj - system constant, 2.12 x 10* ^ m^-K^. 

This equation was derived by considering the ratio of mass flows through the shock tunnel nozzle 
throat and the mass flow at the sonic exit point of the fuel injection system. Using this equation, a 
specific heat ratio of 1.3 for the air flow, and recognizing that an equivalence ratio of 1.0 
corresponds to a mass ratio, hydrogen to air, of 0.029, Eq. (1) may be constructed. The system 
constant, Kj , includes the area of the shock tunnel throat as well as the various constants used to 
relate one-dimensional sonic flow to the zero velocity plenum conditions. 

The two injector configurations used in this work are illustrated in Figures 4 and 5. The 
wall injection system consists of two ports located in the tunnel floor after the rearward facing step, 
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along the tunnel centerline, at 2.3 and 8.4 step heights downstream. The equal area inlets are 
directed at 30 and 60 deg angles with respect to the tunnel flow. The axial injection system was 
implemented by lengthening the step across the full tunnel width. This addition was sectored into 
three equal widths with the outer sectors machined to produce a 13.2 deg ramp between the step and 
the tunnel floor. The center sector consists of a backward facing step with a nozzle in the 
downstream face. This nozzle was a simple 7 deg taper with a throat area of 0.317 cm 2 and an exit 
area ratio of 3.2. This system was specifically designed to produce bulk and injection flow 
velocities of approximately equal magnitude. Table 1 lists relevant velocities and stoichiometries for 
four of the conditions examined in this work. 


OH PLIF MEASUREMENTS 


The OH PLIF measurements were made using a Spectra-Physics Nd:YAG-pumped dye laser 
with frequency-doubling to 283 nm. The dye laser was modified for a larger spectral bandwidth by 
operating the grating in third order rather than fifth and adding a pre-amplifier cell. Using this 
approach, the frequency-doubled output of the dye laser was in excess of 0.6 cm' 1 , more than twice 
that of the OH absorption linewidth. Between 6 and 10 mj of laser energy was delivered to the test 
plane of the shock tunnel in sheets of 4.5 to 10.5 cm. The laser sheet thickness was on the order of 
0.05 cm. Fluorescence was imaged using an intensified camera system, consisting of an image- 
intensified full-frame transfer array. The fluorescence was collected at right angles using a 105 mm 
UV lens operated at f/4.5 and filtered with carefully selected UV filter glasses. The filter glasses 
provided a long-pass cut-off near 310 nm which rejected the laser elastic scattering from the tunnel 
floor. The total transmission at the fluorescence wavelengths was about 25%. The intensifier was 
gated to —20 ns around the ~ 10 ns laser pulse. This narrow gate width eliminated any 
chemiluminescent or thermal emission from the PLIF images. 

The laser and PLIF data acquisition system were remotely sited from the tunnel in an 
adjacent laboratory. The laser beam was transported to the tunnel using a series of prisms and 
expanded into a thin sheet which was oriented along the flow axis and focussed along the centerline 
of the tunnel at each of the imaging stations. The intensified camera system and the high-speed gate 
generator were located immediately adjacent to the tunnel test section. The laser and camera system 
were triggered from a pressure transducer in the reflected-shock plenum so that the measurement 
time could be adjusted throughout the nominally 2 ms test time. OH PLIF measurements were 
made in the near field of both injector configurations, spanning the first region of the test section 
downstream of the rear-facing step or the ramp injector, as well as at a second imaging station 
located downstream of the test section entrance. 

In addition to the OH PLIF measurements, a second, PSI-designed, intensified CCD camera 
was used to image the OH chemiluminescence from a 10 cm diameter window located near the exit 
of the tunnel test section. For the emission measurements, the second camera was filtered with 3 
mm of UG-5 glass to isolate the OH A-state emission, and a 1 ps gate was used. This longer gate 
time integrated the emission signal which was eliminated from the PLIF images by the much shorter 
gate time. The depth-of-focus of the emission-imaging camera was sufficient to span the 7.62 cm 
tunnel width, providing a line-of-sight averaged view of the spreading of the flame plume at the test 
section exit. 
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The OH PLIF measurements were obtained by exciting the isolated Qj(7) transition at 
283.29 nm. This transition was chosen because of its strength at the expected H 2 -air combustion 
temperatures and our desire to have maximum sensitivity for these experiments. For the conditions 
of these tests, we may express the fluorescence signal obtained from each pixel on the detector array 
as 


S F = (I„ B) • (Fy) • (f B N t V c ) 



( 2 ) 


where 

= 

laser spectral intensity 

B 

= 

Einstein B coefficient for absorption 

F y 

=r 

fluorescence yield 


= 

Boltzmann population fraction 

N t 

= 

species number density 

V C 

= 

collection volume 

V 

= 

filter transmission, detector responsivity, etc. 

o 

= 

collection solid angle of imaging system 

T p 

= 

pulse duration. 


The form of the fluorescence yield, Fy, appropriate for this excitation strategy in OH is given by 4 


F 


y ~ 


A eff 

Q 


(3) 


where Q is the total rate of removal of the laser-excited vibrational level, Ag^ is the total collected 
photon rate and the sum of the product of the filter transmission and the individual spontaneous 
radiative transition rates for the detected transitions. 


In general, many of the terms in Eq. (2) have temperature, pressure, or gas compositional 
dependencies. For OH in most flame environments, it is reasonable to assume that the quenching 
term can be expressed as 


Q - <8 X 10 8 )(P/P re ^-’ (4 

5 R 

where P re f is 1 atm and the constant is recommended for flame values from previous studies. ° 
Hence, in regions of the flow with little pressure variation across the measurement plane, as in the 
downstream PLIF imaging station, the quenching term is essentially constant and the PLIF image is 
a relative measure of the product of the OH number density and the temperature-dependent 
Boltzmann population term. For J" = 7.5, the population term is only weakly sensitive to 
temperature over the range of temperatures where OH is likely to be found, as shown in Figure 6. 
The quenching term may vary as much as a factor of two from the nominal value of Eq. (4) in 
extremely fuel rich portions of the flow. However, most of the measurable OH will only be found 
in stoichiometric or fuel-lean regions of the flow, so that we can assume the relative uncertainty in 
number density across a nearly constant pressure image is about ± 10% due to the Boltzmann 
temperature variations. 
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In strongly pressure variant flows, however, the fluorescence signal is better viewed as the 
ratio of the pressure-dependent OH number density and the pressure-dependent quenching term. 
Expressing Nq^j as 


n OH = XOH P/RT (5) 

where xoh * s t * ie volumetric mole-fraction of OH, the overall pressure-dependence of Eq. (2) 
vanishes, and the fluorescence signal is given by 

Sp = constant • fg/T • XOH (6) 

Since the Boltzmann term at low J" values is nearly temperature-independent, the ratio f B /T is an 
inverse function of temperature and is also plotted in Figure 6. Hence, the fluorescence signal is 
proportional to the local mole-fraction of OH with a factor of four variation from 1500 to 3000 K. 

It is possible to choose another transition so that the ratio fg/T is essentially constant over some 
temperature range of interest so that, in strongly pressure varying flows, the fluorescence signal is 
directly proportional to species mole-fraction. For the range of 1500 to 3000 K, exciting transitions 
originating from higher J" values results in about ±5% variation in fluorescence at constant mole- 
fraction with only a factor of two loss in sensitivity at 2000 K due to the relatively lower total 
population. For these initial measurements, the increased sensitivity was deemed more important 
and we chose to accept the temperature variations in the strongly pressure-variant region of the flow 
in the vicinity of the dual wall injectors. 


MEASUREMENTS OF H 2 0 CONCENTRATION AND TEMPERATURE 


A major thrust for this work was to develop a non-intrusive diagnostic suitable for 
monitoring the temperature and concentration of water in the exit plane of a high enthalpy reacting 
flow system. The motivation for this measurement technique is quite clear; it will provide a direct 
measure of a combustion product and its temperature along a line-of-sight at the combustor exit and 
will therefore provide a measure of combustor performance. The measurement relies on radiation 
from the j> 2 band centered at 6.27 pm and uses a custom-designed infrared spectrometer system 
capable of acquiring synchronous spectra at a 125 kHz rate. This device consists of a liquid-nitrogen- 
cooled HgCdTe linear detector array (Infrared Associates) interfaced to a 0.3m, f/6.2 
monochromator. The resulting spectral resolution is 0. 19 /xm/pixel. Each pixel in the array has a 
dedicated amplifier and digitizer providing synchronous collection of spectra at data rates of 
125 kHz. The data were acquired and processed through a multichannel data acquisition system 
interfaced to an PC/AT computer. Absolute responsivity calibrations were performed with a 
temperature-controlled blackbody source. For the present measurements, the instrument was 
configured to obtain time- resolved, first-order spectra over the wavelength range 6.5 to 8.55. The 
field of view of the instrument was controlled using a folded imaging system consisting of a gold 
spherical mirror (focal length 10 cm) and a gold planar mirror. This optical system defined a 
collection area in the tunnel of 3.1 by 3.1 mm at the tunnel centerline and 6.6 by 6.6 mm at the 
near and far edges. In addition, due to the strong absorption strength of atmospheric water in this 
spectral region, the spectrometer and imaging optics assembly were purged with dry nitrogen. The 
unpurged path length in the atmosphere was 7 cm and this length was shown to produce insignificant 
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absorption for wavelengths greater than 6.5 ^m. This conclusion is supported by a comparison of 
the spectrometer calibrations performed in high and low relative humidity environments. 

Prior to implementation of the system on the shock tunnel, the observed radiances and 
bandshapes were calibrated for H 2 0 concentration and temperature by recording emission spectra 
from an incident shock heated mixture of argon, hydrogen, and oxygen (85%, 10%, 5%). The 
measurements were performed at near 1 atm pressures in a 10.4 cm diameter shock tube using 
previously prepared gas mixtures of UHP argon, hydrogen, and oxygen. The reacting system is 
modeled using an incident shock chemical kinetics package produced by Sandia (DSHOCK), and 
calibration temperatures and concentrations are carefully extracted from the pseudo-steady state 
region following an initially reactive period. A typical calibration shock is shown in Figure 7. 


Relative calibration spectra are shown in Figure 8 and these spectra show the increased 
radiance for long wavelengths at elevated temperatures that is typical of increased populations in 
upper vibrational states. The vibrational temperature for the water can therefore be determined by 
monitoring the relative shape of the emission spectra while the concentration is determined by 
monitoring the absolute radiance in one of the bandpasses. In order to produce a systematic 
temperature and concentration measurement methodology we have assumed that the radiance in each 
bandpass follows the functional form given in Eq. (7). 


where 


Nx A /T 

= Qf\ C 

[H 2 0] t K 


(7) 


N x - 

system radiance at wavelength X 

[H 2 o] - 

concentration of water molecules 

l 

path length 

T 

temperature 

“X’ 6 x - 

empirically determined constants. 


The characteristic exponential slope B^ increases with wavelength as would be expected from the 
spectra shown in Figure 8. Inspection of Eq. (7) reveals that ratios of radiances at two wavelengths 
are sensitive to temperature only and are independent of concentration. Equation (8) formalizes this 
relationship and provides a direct means of calculating temperature. The values of a ^ and B^ are 
determined using a least squares fit of the calibration observations to Eq. (7). Therefore, observed 
radiance ratios can be used to determine the temperature via Eq. (8) and column density ([H 2 0]£) 
using Eq. (7). 


N Xj “X 2 1 

In 

N X 2 “X, 

The specific bandpass wavelengths which are used for temperature and concentration 
determination is important for the shock tunnel data. Figure 9 illustrates sample spectra at the exit 
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plane of the shock tunnel for a combusting flow. These spectra include a feature centered at 8.25 
nm which was not apparent in the shock tube calibrations. This feature is either due to a molecular 
radiator that was not present in the shock tube calibrations (which included no nitrogen) or is 
indicative of vibrational non-equilibrium for the radiating water. Although we cannot rule out 
vibrational non-equilibrium, vibrational relaxation rates from i>2 = 1 to v 2 = 0 are relatively fast. 
For 2500 K, 0.3 atm conditions in the tunnel, the half-life of the = 1 state is approximately 7 ns. 
This indicates that our system should be in vibrational equilibrium. In either case, we have chosen 
to determine temperature using the bandpasses centered at 6.68 and 7.43 pm. Concentration is 
determined using this temperature and the radiance from 6.68 /*m bandpass. These bandpasses were 
selected to provide the highest sensitivity in the temperature calculation while the concentration 
calculation was specifically chosen to be insensitive to temperature. 

Finally, a note on the accuracy of the temperature and concentration measurement is in 
order. This diagnostic is currently being developed and the calibration data set is not large enough 
to produce system constants that are highly specified. The absolute accuracy for the current data set 
is approximately 30%. However, careful implementation of a comprehensive calibration matrix and 
carefully executed chemical kinetic modeling would bring the absolute accuracy to better than 10%. 
Once these calibration constants are accurately specified, the limiting accuracy for the temperature 
measurement is simply the signal-to-noise ratio in the radiance measurements. The direct 
implication is that temperature comparisons within this data set are limited only by the noise in the 
radiometric signals. In all cases, the signal levels used in this work had signal-to-noise ratios of 
between 10 and 50. The relative uncertainty in temperature is therefore between 14 and 3%, while 
the relative uncertainty in concentration for a 3000 K system also ranges from 14% for signal to 
noise ratios of 10 to 3% and for signal-to-noise ratios of 50. 


RESULTS AND DISCUSSION 


The data acquired as a part of this test series includes four basic flow conditions as 
described in Table 1 and we will present results from each of these conditions. However, before 
discussing these images and the exit plane water measurements, a brief discussion of the flow and 
timing in the shock tunnel is necessary. Figure 10 illustrates the signals from a reacting flow test 
and shows the pressure in the injector plenum, the signal from the radiometer at the nozzle exit, and 
the pressure on the top wall immediately following the injector station. Also included in this figure 
are the injector times and PLIF laser pulse. Features to note in this figure are the clear demarcation 
of the flow test time by the radiometer, the relatively stable pressure trace following the injector 
station, and the constant pressure in the injector plenum during the flow time. In addition, note that 
tunnel pressure and radiance signals are not coincident in space (separation is 0.30m) and therefore 
sample, at a given instant, different portions of the flow. 

Figure 1 1 is an image of the OH distribution in the immediate vicinity of the first injector of 
the dual injector system. In this and all other images, the flow is from left to right and the relative 
fluorescence signal levels are false-color-encoded according to the lookup table at the left side of the 
image. Also in each image, the bottom of the PLIF image corresponds to the bottom wall of the 
tunnel. The field of view in Figure 11 is 80 mm (H) by 60 mm (V) and the left side of the image is 
just upstream of the first injector. A low, fairly uniform level of OH in the recirculation 
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zone/boundary layer upstream of the injector is visible in the lower left hand corner of the image. 

A thin filament of OH, on the order of 1 mm thick, attaches very near the recirculation zone and 
extends away from the wall along an irregular line, indicative of the shear-generated turbulence 
between the high-speed injectant flow and the free-stream flow. From earlier studies , we know 
that just upstream of this OH zone lies the bow shock generated by the interaction of the injectant 
plume and the free stream flow. The dark regions above this thin filament, of course, correspond to 
the free-stream flowfield where no hydrogen and air mixing has occurred. The center of the fuel 
plume itself is also dark, indicating no mixing and OH formation. Downstream and underneath the 
fuel plume, between the two injectors along the tunnel floor, significant amounts of OH are 
observed in a spatially extended, reasonably well-mixed zone. 

Figure 12 is a similar image from another test, now taken with a larger field of view, 
observing a region 105 by 79 mm. Again, the left side of the image is just upstream of the first 
injector position. This image also clearly shows the thin OH filament between the first injector and 
the free stream flow. The large field of view, however, encompasses the second injector station and 
more clearly shows the large, well-mixed levels of high OH concentration between the two 
injectors. The right side of this image corresponds to the second injector station and shows an 
abrupt disappearance of the OH at the second H 2 plume, although a second thin filament is 
observable at a larger angle to the wall than the first filament due to the higher angle of the second 
injector. Both images indicate that the thin OH filament is typically on the order of 1 mm thick, 
although it fluctuates spatially with the turbulence motion in observable scales up to about 7 mm in 
diameter. The first jet penetrates to an average height of 16 mm (defined by the edge of the OH 
filament) before fully aligning with the free stream flow. 

Using the fluorescence model presented above and assuming nominal conditions of 0.5 atm 
and 2000 K, the peak OH fluorescence signal in the thin filament between the fuel jet and the free- 
stream corresponds to an OH number density of about 1 x lO 1 ^ cm' , or about 500 ppm. The 
pressure and temperature field in this portion of the flowfield is very complex. The nominal 
conditions are reasonable for the OH in the filament above the fuel jet. Below the fuel jet and 
between the two injectors, however, the flow expands from a stagnation point upstream of the first 
injector and then stagnates again upstream of the second injector. Since we have not yet measured 
the pressure or temperature variations in this flow, we can only bound the uncertainty in 
quantitatively interpreting the relative fluorescence signals in this image in terms of the relative OH 
number density or mole-fraction. The pressure in this region may vary from near the free stream 
value to near the post-bow shock pressure, or from about 0.5 to about 4 atm. The temperature in 
which OH is likely to be found was discussed in the previous section and we observe that, in the 
stagnation region upstream of the second injector station, the bulk gas temperature may approach the 
stagnation temperature of ~ 3500 K. 

The highest fluorescence signals originate in the large, well-mixed portion of the flow where 
the flow temperatures and pressures are substantially higher than the nominal conditions used to 
estimate the OH concentration in the flame filament. The peak signal levels here are two to three 
times higher than in the filament. Considering the mole-fraction sensitivity of the fluorescence 
signal (which is independent of pressure), we expect the fluorescence signal at constant mole- 
fraction to decrease by about a factor of two from the nominal filament temperature to the stagnation 
temperature. Combining the increased signal levels and the decreased absorption strength at higher 
temperature, we estimate that the peak mole-fractions obtained in the region between the two 


411 


injectors is on the order of 2,000 to 3,000 ppm, or 0.2 to 0.3% of the total number density. These 
numbers are reasonable for hydrogen/air combustion at these temperatures, particularly considering 
the relatively long residence time for the fuel and air to molecularly mix in the slow flow between 
the injectors. 

The flame zone in the upper filament, as viewed by the OH fluorescence, is intermittent. 

Our detection limit for the nominal conditions is about 1 x 10^ cm'-*, or about 5 ppm. Hence, 
intermittency is determined in this case by the OH concentration falling below this level. This type 
of non-equilibrium flame extinction has been observed in turbulent hydrogen/air jet diffusion flames 
and is reasonably expected in the highly turbulent flow in the injector vicinity. The PLIF images of 
Figures 11 and 12 indicate the importance of time-resolved spatial measurements and suggest that 
accurate predictions of ignition and near-injector behavior will require multi-step chemical kinetic 
and accurate turbulence modeling. 

The remaining PLIF images all correspond to the axial injector and were obtained 29 cm 
downstream of the injector exit plane. Figure 13 is a PLIF image at the similar flow condition to 
Figures 11 and 12 and corresponds to a field of view of 45 by 34 cm. In these images, the injectant 
hydrogen velocity was nearly matched to the free stream centerline velocity above the injector. The 
OH filament separating the fuel jet from the free stream is typically on the order of 500 thick, 
although it fluctuates spatially due to the turbulence in the shear layer. This turbulence level is 
relatively low, however, as evidenced by the thin, probably diffusion limited flame sheet and the 
relatively large scale associated with the typical filament fluctuations. It is also notable that no 
extinction of the flame sheet is observed. The dark region below the flame sheet corresponds to the 
fuel jet itself, which measures approximately 12 mm in diameter, essentially the same as the injector 
jet diameter. The position of this jet above the tunnel flow, however, fluctuates with downstream 
distance. The mean position of the jet centerline is about 20 mm. 

In marked contrast to the interface between the fuel jet and the free stream, the region 
between the fuel jet and the wall shows a much thicker mixing layer. Significant free stream air 
entrainment and mixing is evidenced by the large, relatively uniform [OH] in this region. The picture 
that emerges from this image is of a fuel jet lifting away from the wall and vigorously mixing 
underneath. The peak OH levels in these images are again on the order of 2-3 x 10^ cm‘^. Since 
the pressure across this image is reasonably constant, we can more accurately relate the fluorescence 
signal variations to number density variations than in the images above the side wall injectors. 
Interestingly, the OH formation per unit volume is similar everywhere in this image to the thin 
filaments above the side wall injectors, although the total OH produced in the image (proportional to 
the total hydrogen conversion) is much greater due to the vigorous mixing below the jet. 

Figure 14 is an OH PLIF image at the same station with a different field of view and flow 
conditions as given in Table 1. In Figure 14 the field of view was increased to 60 x 45 cm and the 
velocity difference between the fuel jet and free stream was nearly 300 m/s (the fuel jet velocity is 
greater than that of the free stream). This image reveals a very different mixing pattern for the fuel 
jet. Instead of a clearly defined fuel jet with a thin filament separating the jet from the free stream, 
vigorous mixing has occurred on both sides of the jet. Indeed, the jet itself is almost 
indistinguishable, with measurable OH throughout its diameter. The penetration of the fuel jet into 
the free stream is slightly diminished although the mixing and total OH formed within the image is 
substantially higher. The sensitivity in these images is the same as in Figures 12 and 13 indicating 
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peak concentrations on the order of 10 15 cm' 3 . It is interesting to note that the increased turbulence 
intensity of the fuel jet/ free stream shear layer now results in intermittency of the flame sheet. 

A last PLIF image was obtained at the same location, now with the free-stream gas 
temperature over 1500 K and a velocity over 2000 m/s. In this case, the free-stream velocity 
slightly exceeds the expected fuel jet velocity, though the total velocity mismatch is 
comparable to that in Figure 14. The OH PLIF image in Figure 15 reveals a mixing pattern very 
similar to that of Figure 13, although the highest signal levels are now in the thin filament between 
the fuel and the free stream rather than between the fuel and the wall. The penetration of the jet 
into the free stream is noticeably improved, with the outer OH boundary extending 34 mm above 
the tunnel floor. 

Figures 16 and 17 show the results from the time resolved, H 2 0 temperature and 
concentration measurements. These results are for the wall injection system and swept ramp 
injector at similar flow conditions as listed in Table 1. Figure 16 illustrates the temperature and 
column density profiles for the two hole wall injection system. This plot uses the 125 khz spectral 
data which was previously described with a three point running average to remove spurious noise. 
Several features are prominent in this figure. First, the end of the test time is clearly shown by a 
steep drop in the temperature of the water. The length of the test time, as defined by the infrared 
radiometer at the nozzle exit, is used to identify the beginning of the flow time at this optical 
station. This time is consistent with the expected arrival time of the hot gas slug based on the 
distance between the measurement stations and convective velocity in the tunnel. This figure is also 
marked to note the region where the signal-to-noise ratios rise above the 10: 1 level. Both 
temperature and column density start at relatively low values and after approximately 1 ms 
asymptote to relatively steady conditions. This is an important observation since it supports the 
hypothesis that pulsed, short duration flow facilities can be used to study the steady state properties 
of these high temperature reacting flows. The observed exit plane temperature is approximately 
2700 K with a column density of 4-5 x 10 18 molec/cm^. 

Figure 16 also includes idealized temperature and column density predictions. These 
predictions are based on a simplified model which creates an initial, fully mixed starting condition 
based on the air and hydrogen injection flows and then allows this system to react as it flows down 
the duct. This prediction follows the temperature, pressure, species concentrations, and velocity as 
the system proceeds down the duct. The starting condition for this calculation is determined by 
specifying a completely homogeneous system with the pressure, temperature, and velocity imposed 
by conserving mass, momentum, and enthalpy from the inlet air and hydrogen flows (note that the 
momentum of the hydrogen for the wall injection system was neglected since it was not oriented in 
the downstream direction). The initial chemical composition is chosen to reflect the exit 
composition of the air and hydrogen flows. Results from these calculations provide a relevant 
comparison for the exit temperature and column density measurements. In all of the experimental 
cases, the agreement between predicted and observed temperatures was excellent. However, the 
agreement in predicted and measured column densities is less consistent. 

The column density observed in Figure 16 was approximately 60% of the idealized value. 
This discrepancy could be due to either incomplete mixing and therefore incomplete product 
formation, finite rate chemistry which would slow the rate of product formation, variations in the 
composition of the exit plane, or heat transfer losses in the system which will act to decrease the 


413 



density and therefore the water concentration. Unfortunately, our measurements for this effort did 
not include reliable pressure measurements at the exit plane. In all cases, pressure measurements 
are clearly biased by a heating of the piezo electric transducer which produces a continuous drift in 
the pressure signal during the experiment. In the future, this problem will be corrected by recessing 
the transducer from the flow so that it will not be directly subjected to the high temperatures and 
velocities of the exit plane. 

Figure 17 illustrates the results for an axial injection system operated at conditions identical 
to that for Figure 16 (wall injection system). The observed column density for this system is very 
similar to that observed for the wall injector. In each of the two cases the observed column density 
was approximately 60% of their observed idealized values which preliminary indicates that the 
mixing of the velocity matched swept ramp system was equivalent to that of the wall injection 
system. If the mixing for one of the systems was exceptionally poor, the result would be decreased 
water in the exit plane of the combustor. Unfortunately this conclusion must be tempered by the 
absence of a pressure measurement which would allow a complete comparison between the two data 
sets. However, it is encouraging that the results for the velocity matched axial system and the wall 
injection system are similar. 


CONCLUSIONS 


Complementary non-intrusive diagnostic measurements have been used to study the operation 
and performance of two different types of injection systems in high enthalpy flows. Planar Laser 
Induced Fluorescence of OH was used to image the regions near the injectors and a line-of-sight 
emission measurement in the infrared was used to quantify the temperature and the column density 
of water at the exit plane centerline. A fast gating, intensified camera system was shown to 
effectively eliminate emission from the fluorescence images. The exit plane emission measurement 
monitored the radiance from the i>2 band for water. Relative band shape was used as a measure of 
temperature and the absolute intensity as a measure of the column density. PLIF images of OH for 
a wall injection system indicated prompt ignition at the hydrogen outlet with a flame sheet which 
attaches to the recirculation zone and extends away from the wall along an irregular line. An 
intense reaction zone was clearly shown to exist between the first and second fuel jet. For the axial 
injection system, OH was not observable immediately downstream of the injector outlet. However, 
further downstream, the fuel jet was shown to be reacting vigorously with the free stream flow. 

The axial injector was tested in both a velocity matched and mismatched mode. In all cases the jet 
was observed to lift off the tunnel floor with a reaction zone forming between the jet and the tunnel 
floor. In addition, the character of the mixing zone for the swept ramp systems was shown to 
change dramatically between velocity matched and mismatched systems. Exit plane measurements 
of the temperature were in excellent agreement with the values predicted for these flows. In 
addition, exit plane measurements indicated an approximate steady-state condition was achieved 
during the 1 to 2 ms test times. 
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Table 1. Injection and Flow Parameters 
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Image 
Figure # 
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Figure # 
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Pressure 
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Temperture 

(K) 

Wall 
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- 

11 
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Wall 

2170 

0.29 

1360 

2.1 
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16 

Axial 
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0.68 
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0.64 

2270 
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Axial 
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Figure 1. Schematic diagram of optical access for the shock tunnel test section 
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Figure 3. Shock tunnel operating conditions in terms of altitude and velocity simulation 
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Hydrogen Jet 
(Mach 2.7) 


re 5. Swept ramp injection system 











Temperature (K) 

Figure 6. Temperature dependence of the Boltzmann population fraction, Fg, and the ratio fg/T 
for J" = 7.5 in OH 



Figure 7. Incident shock tube calibration results and kinetic calculations of [H 2 O] 
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[H 2 0] (1017 molecule/cm 3 ) 






Wavelength (pm) 

Figure 9. Time resolved spectra from the shock tunnel exit plane 
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Figure 10. Injection pressure, tunnel pressure, and radiometer signal for a reacting flow 
measurement 
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Tunnel Pressure (atm) 




Figure 13. OH PLIF image downstream of axial injector, flow temperature = 1375 K 



Figure 14. OH PLIF downstream of swept ramp injector with velocity mismatch, flow 
temperature = 1100 K 
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Figure 16. Wall injection exit plane results 
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Figure 17. Axial injection (with velocity matching) exit plane results 
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